The results of two separate studies on biological spore penetration and simulated lunar dust filtration illustrate the use of nanofibers in some nonstandard filtration applications (nanofibers are generally defined as having diameters of less than a micron). In the first study, a variety of microporous liners containing microfibers and nanofibers were combined with cotton-based fabrics in order to filter aerosolized spores.
INTRODUCTION
Current protective garments have been found to provide acceptable exclusion of aerosolized biological agents, but will only prevent the challenge from penetrating. Once trapped, the biological agent will remain active until the garment is treated with a secondary decontaminating agent. Many recent studies have been involved in the development of materials that will not only trap the biological challenge, but actively inactivate the hazardous material.
In the 1980's the U.S. Army Natick Soldier Center developed an aerosol system to test textiles and membranes for their ability to keep airborne biological materials from penetrating [1, 2] . A new system with modifications was recently designed and tested to expose the test fabrics to aerosolized Bacillus spores and measure the number of spores that remain active after an incubation period. This study reports the results from this aerosol testing system.
PROCEDURES

Device Description
The device consists of a blown glass chamber with an aperture that allows attachment of a nebulizer on one end and an opening on the other end for the test material ( Figure 1 ). The material is cut into a 13.5 cm circle, and inserted into the penetration device being held in place with a glass end cap and metal clamp. The spores are aerosolized in a nebulizer using compressed air. A second compressed air line is used to dry and push the spores toward the material. Spores collect on the material and in the impingers located before and after. As the spores hit the material, they do one of three things; stick to the material, bounce off into the first impinger, or penetrate into the second set of impingers. The test material is removed from the chamber and allowed to incubate at 25 o C for 1 hour. After the incubation, the material is placed in 100ml of phosphate wash buffer, and vigorously shaken for 60 sec to remove the spores. The wash buffer, nebulizer, and impingers are plate counted to determined spore concentration and spore recovery. Air aerosolizes the spores that move from left to right through the main part of the chamber to the material clamped on the other end. The impingers are attached to the system by rubber tubing and collect spores that bounce off the material or pass through the fabric.
Spore stock preparation
Spores are grown and processed as described by Wax et al. [3] . A 1 L flask containing sporolation media (8g Nutrient broth, 4 g Yeast extract, 0.01 g Manganese Chloride, and 5 g Peptone adjusted to pH 7.2 with KOH) is inoculated with Bacillus atrophaeus using a fresh overnight culture. The culture is grown for 4 days and the cells are collected by centrifugation. The pellet is re-suspended into 0.1 M tris buffer (pH 8) and lysozyme is added (final conc. 0.1 mg/ml). The suspension is incubated for 1 hr. The spores are collected by centrifugation and the pellet is washed in 1% SDS then 10 washes of water. The resulting pellet is lyophilized for storage.
Surface spore counts A plating method was developed to measure the number of spores on the front and back surfaces of the shell fabric. The front side of the fabric faces the aerosol spray, while the back surface, which is in contact with any microporous liner, faces away from the flow. After exposure and incubation, the liner is removed from the shell and placed into phosphate buffer for plate counting. To determine where the most spores collect, the front and back of the shell surfaces are pressed against a 150 X 15mm agar plate. The material is removed and the plates are incubated at 37 o C overnight. Any colonies that develop, as shown in Figure 2 , are counted. Separate plates are used for front and back surfaces of the shell. 
Sample preparation
The shell fabric was a 260g/m 2 (7.5 oz/yd 2 ) weight twill fabric of a 50/50 cotton/nylon blend. This shell was unlined, or lined with three types of nanofiber, microporous membranes. Poly(tetrafluoroethylene), PTFE, liners were supplied by a manufacturer for this study. The microstructures of these PTFE liners are shown in Figure 3a and 3b. Both PTFE liners were insoluble in buffer. The PEO liner was electrospun from a solution of 10% poly(ethylene oxide), PEO, 80% water and 10% isopropyl alcohol. Electrospun PEO is shown in Figure 3c , and this liner is soluble in buffer. Samples of unlined shell fabrics, as well as shell fabrics lined with either PTFE 1, PTFE 2, or PEO electrospun liners were exposed to the spores and tested to determine the distribution of spores within the fabric layers. As discussed above, the total count of aerosolized spores on fabrics was accomplished by shake flask removal. It was possible to establish if the shake flask method was reliably removing all the spores from the liner materials by comparing insoluble PTFE liners with the soluble PEO liner. The soluble liner would yield a quantitative recovery of all spores on the PEO liner, whereas it might be difficult to remove all spores from the insoluble PTFE liners. The results from this study are shown in Table I . The spore recovery is calculated in terms of the number of spores found in the liner materials by shake flask, as compared to the total number of spores counted from all spore collection sources in the test: this number is reported as a percentage. Table III shows that the collection of spores on the front surface of lined shell fabrics is roughly two times higher than the collection of spores on the back surface (facing the liner). Shell fabrics that are unlined showed variability in the results; in one case Shell 1 had more spores on the back surface, while Shell 3 had more spores on the front surface. 
SUMMARY
We found that the shake off method of removing spores from microporous liners successfully removed spores from PTFE liner materials. When a shell fabric is lined with a nanofibrous microporous liner to prevent aerosol penetration, half of the contaminating spores will collect in the shell layer and half will collect in the liner. An attempt to measure the distribution of spores on the front and back surfaces of the shell fabric showed that airborne spores will collect on both the top surface and the interior surface of the shell fabric, but the presence of a nanofiber liner will promote higher populations of spores on the front surface of the shell.
These results suggest that sporicidal treatments would need to be positioned at both the outer surface and on the interior aerosol liner of protective fabric systems. To prevent re-aerosolization of spores on the surface of treated textiles, an outer surface treatment would be required.
PART II. USE OF WITNESS LAYERS TO EVALUATE LUNAR DUST FILTRATION CAPABILITY INTRODUCTION
Dust filtration in spacecraft environments is a critical issue in the planned return to the moon, where lunar dust would likely be brought back into the lander environment by astronauts, and on possible future manned trips to dusty planetary environments such as Mars. Lunar dust is thought to be an astronaut health hazard, as well as a problem for electronics on board the lunar lander. Harrison Schmidt of Apollo 17 complained of "lunar hay fever" due to dust brought aboard the lander following his excursions on the lunar surface. NASA's Lunar Airborne Dust Toxicity Advisory Group (LADTAG) has found that lunar dust contains particle sizes that are in the range which are most easily transported into lung alveoli, and the particles are unusually porous, with a high surface area available for reaction with the body. Around one percent by weight of lunar dust is made of submicron size particles. A significant fraction of particles are less than 100 nanometers in diameter (see Figure 5) . Some formal studies of particle size distributions in fine lunar dust have shown a mean particle size of around 700 nm, with a Gaussian distribution around the mean. Other studies of all components of lunar soil show a higher mean particle size of 30 to 40 microns (which may include aggregates of smaller particles). The fine particles in lunar dust are made of glass formed during the impact of micrometeorites on the lunar surface. The glass particles also contain metallic iron grains as small as 10 nanometers. Studies of nanoparticle toxicity suggest that particles in this size range are Filtration systems that are adequate for industrial standards (such as HEPA) may fail when applied to "nanoparticle" aerosols that include particle sizes below 100 nm. A number of government working groups have been addressing various aspects of nanoparticle health hazards, and appropriate filtration technologies that would be useful to filter and capture aerosols in this size range. Some of the outcome of the recommendations of these groups might be applicable to the concern over lunar dust exposure.
Background
Our past work [4, 5] in aerosol particle filtration has focused on the use of a particle sizer to evaluate the filtration performance of filtration materials. This test system is limited to particles in the range of 2-3 micron aerodynamic mean particle size, with a fairly narrow distribution, mostly between 1 and 4 microns.
The SEM in Figure 6 shows the typical potassium iodide particles used for testing --only a few are below 1 micron in size. FIGURE 6 . SEM of potassium iodide particles on electrospun nylon nanofibers, and schematic of aerosol generation and filter test system at NSRDEC.
However, for the lunar dust filtration studies, we were interested in quickly available test methods that would not have the particle size limitations imposed by our standard aerosol particle size test equipment. The most convenient method available was based on the use of witness layers and scanning electron microscope (SEM) imaging.
We have successfully used SEM imaging in previous studies of aerosol particle filtration in layered fibrous nonwoven materials. The results of a typical filtration experiment in Figure 7 showed that large particles were caught in the first layer, and only smaller particles were captured by the 4 th and final layer of the filter stack. Imaging is useful to examine characteristics of fiberparticle interaction that are sometimes not apparent from the instrumented aerosol particle filtration test, due to particle aggregation, or uncertainty of sizing accuracy of the particle sizer. Imaging of filtration performance of nanofiber membranes against solid aerosols (silica and latex microspheres), is useful both for determining the true size of particles, and for examining the magnitude of particle clumping or agglomeration. 
Materials
Three materials were selected to examine the filtration performance of electrospun nanofiber membranes as compared to materials with larger fiber sizes. The materials were a very open spunbond fabric (nominal fiber diameter of 40 μm), a nonwoven meltblown polyurethane fabric (nominal fiber diameter of 3μm), and an electrospun nanofiber web composed of Nylon 6,6 (nominal fiber diameter of 0.7 μm).
The simulated moon dust was provided by Professor Masami Nakagawa at the Colorado School of Mines [6] . It consisted of: JSC1a-vf, very fine dust <20 microns; and JSC1a-f, fine dust >50 microns.
Method
An aerosol suspension system produced an aerosol of simulated lunar dust to expose several materials to the particles, as shown in Figure 9 . A "witness" material of porous expanded polytetrafluoroethylene (ePTFE) was used as a secondary filtration layer to capture any particles that may have made it through the primary filtration layers. ePTFE has very small pore sizes and is a very effective filtration media, and is often used in microfiltration processes. Scanning electron microscope images of the filter surface, along with images of particles caught in the witness layer, provided a qualitative assessment of the filtration performance.
FIGURE 9. Aerosol test system used to expose filtration materials to JSC1a-vf (very fine dust <20 microns) and JSC1a-f (fine dust >50 microns).
The system in Figure 9 used a mass flow controller set at 1 liter/minute of dry nitrogen. Test temperature was 23°C. The sample flow area was 9.7 cm². This resulted in a nominal flow velocity through the sample of 0.017 m/s (0.04 miles/hour).
A layer of JSC1a-vf (very fine dust) was dispersed by using a magnetic stir bar to agitate a small quantity of dust in the bottom of the container. The impinging gas flow also helped to disperse and suspend the dust, and produced a suspended solid aerosol. The aerosol then flowed through a tube to the sample holder, and the aerosol-laden gas flowed through the test sample, and then through the witness layer. Figures 10-12 show the accumulated particles on the face of the test samples. Figures 13-15 show the accumulated particles evident on the face of the witness layer, which is a qualitative measure of the particles which passed through and were not captured by the filtration test sample layer. . Scanning electron microscope images of witness layer (ePTFE) under meltblown sample exposed to lunar dust simulant JSC1a-vf (very fine dust <20 microns). Figures 13-15 show qualitatively that the electrospun layer showed no penetration of the lunar dust simulant JSC1a-vf (very fine dust <20 microns). The meltblown nonwoven layer showed more penetration, and the very open spunbond fabric showed the most particle penetration.
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SUMMARY
The witness layer method provides a straightforward qualitative assessment of the filtration effectiveness of nanofiber layers for simulated lunar dust. Nanofibers incorporated as separate filtration layers in multi-layer filtration stacks, or incorporated as intimate blends into more traditional filtration media, should be highly efficient at filtering out the fine particles present in lunar soils. FIGURE 15. Scanning electron microscope images of witness layer (ePTFE) under electrospun sample exposed to lunar dust simulant JSC1a-vf (very fine dust <20 microns).
